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Tandem repeat (TR) regions are common in yeast adhesins, but their structures are unknown, and their
activities are poorly understood. TR regions in Candida albicans Als proteins are conserved glycosylated
36-residue sequences with cell-cell aggregation activity (J. M. Rauceo, R. De Armond, H. Otoo, P. C. Kahn, S. A.
Klotz, N. K. Gaur, and P. N. Lipke, Eukaryot. Cell 5:1664–1673, 2006). Ab initio modeling with either Rosetta
or LINUS generated consistent structures of three-stranded antiparallel ␤-sheet domains, whereas randomly
shuffled sequences with the same composition generated various structures with consistently higher energies.
O- and N-glycosylation patterns showed that each TR domain had exposed hydrophobic surfaces surrounded
by glycosylation sites. These structures are consistent with domain dimensions and stability measurements by
atomic force microscopy (D. Alsteen, V. Dupres, S. A. Klotz, N. K. Gaur, P. N. Lipke, and Y. F. Dufrene, ACS
Nano 3:1677–1682, 2009) and with circular dichroism determination of secondary structure and thermal
stability. Functional assays showed that the hydrophobic surfaces of TR domains supported binding to
polystyrene surfaces and other TR domains, leading to nonsaturable homophilic binding. The domain structures are like “classic” subunit interaction surfaces and can explain previously observed patterns of promiscuous interactions between TR domains in any Als proteins or between TR domains and surfaces of other
proteins. Together, the modeling techniques and the supporting data lead to an approach that relates structure
and function in many kinds of repeat domains in fungal adhesins.
cross-linked into the cell wall through transglycosylation of a
modified glycosylphosphatidylinositol (GPI) anchor (18, 25).
This modular design, including tandem repeats, is typical of
fungal adhesins (8).
The Als protein Ig-like region, T region, and TR region all
have protein-protein interaction activities (26, 33, 35). The
Ig-like regions can interact with diverse mammalian proteins,
presumably in a way analogous to antibody-antigen binding, as
has been shown in the homologous protein ␣-agglutinin from
Saccharomyces cerevisiae (8, 24, 26, 35). The T regions interact
through formation of amyloid-like structures both in vivo and
in vitro (33, 34a, 36). An insight into the function of the tandem
repeats followed from observations that Als proteins initiate
and maintain cell-to-cell aggregations, either spontaneously
(“autoaggregation”) or following adhesion to a bead-bound
defined ligand (10, 11, 36). Aggregation is more extensive for
Als proteins with more tandem repeats (26, 35). This result
suggested that the tandem repeats are uniquely structured to
facilitate or mediate the aggregative function. Circular dichroism spectroscopy of the TR region of Als5p shows a ␤-sheetrich structure in the soluble protein (35).
In support of their direct involvement in aggregation, the
repeat region of the C. albicans adhesin Als5p mediates cellcell aggregation in the absence of the Ig-like and T domains
(35). Moreover, the repeats can also potentiate binding of
Als5p to fibronectin (35). Thus, the TR domains mediate cellular aggregation and increased binding to fibronectin. In addition, TR domains and their amino acid sequences are highly
conserved across several Candida species (3). These properties
need to be explained by their three-dimensional structure.

Yeast adhesins are a diverse set of cell adhesion proteins
that mediate adhesion to host cells, environmental substrates,
other fungi, and coinfecting bacteria (6, 8, 20, 21, 23, 29). The
adhesins share common features, including compact N-terminal domains similar to Ig or lectin domains, Thr-rich midpieces, often in tandem repeats, and long highly glycosylated
Ser/Thr-rich C-terminal regions that extend the functional domains out from the cell surface. No structures for the Thr-rich
midpieces are known, but they can mediate aggregation of
fungal cells (33, 35, 47). The prevalence and conservation of
such repeats argue that they are functionally important, despite limited data on their structure and function.
In Candida albicans, the Als adhesins are homologous proteins, products of 8 loci that encode numerous alleles of cell
surface adhesins (16). In each mature Als protein, there are,
from the N terminus, three tandem Ig-like domains, a ␤-sheetrich conserved 127-residue amyloid-forming T region, a variable number of 36-residue tandem repeats (TRs), and a highly
glycosylated stalk region that extends the N-terminal domains
away from the cell surface (Fig. 1) (16, 33, 41). The C termini
of these and other wall-associated adhesins are covalently
* Corresponding author. Mailing address: Department of Biology,
Brooklyn College, 2900 Bedford Avenue, Brooklyn, NY 11210. Phone:
(718) 951-5000, ext. 1949. Fax: (718) 951-4659. E-mail: plipke
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FIG. 1. Schematic diagram of the sequence of Als5p. The regions
are named above, and the number of amino acid residues in each
region is shown below. The modeled sequences are in the TR region.

Because there are no homologous structures known, we
modeled by two independent ab initio methods. Rosetta assembles structures by combining short peptide structures extracted from the protein structural database PDB (38), then
combines structures in a Monte Carlo approach, and assesses
energetics of assembled structures. Rosetta has recently been
shown to generate accurate models for protein-sized domains
(40). We also predicted structures with LINUS, which generates randomized structures and rapidly estimates energetics to
choose low-energy models (45). The models were supported by
structural analyses with atomic force microscopy and circular
dichroism spectroscopy. Functional assays showed that the TR
domains can mediate binding activities predicted from the
calculated structures.

FIG. 2. Tandem repeat sequences. Alignments (top) are color
coded by degree of conservation (the darker the color of the column,
the more conservation of the residue). The residues with high ␤-strand
potential are colored blue, and residues with high turn potential are
colored red. The JPRED secondary structure predictions for each
sequence are shown below the alignment (7). The nomenclature is
described in Materials and Methods.

MATERIALS AND METHODS
Nomenclature. In this paper, we refer to each individual repeat by the ALS
locus that encodes the repeat followed by “R” and the number of the repeat as
counted from the N terminus. The repeats chosen for modeling from Als5p
derive from sequence NCBI accession number O13368.1; thus, Als5p-R3 is the
third repeat in this Als5p sequence. Individual repeats from other Als proteins
were chosen as those repeats with sequences most divergent from the Als5p
sequences (Fig. 2). The NCBI accession numbers of the protein sequences are as
follows: Als1p, P46590; Als3p, XP712666.1; Als6p, AAD42033.1; Als7p,
AAF98068.1; Als9p, AAP34370.1. The prefix “L” in the chosen Als3-LR4 designates that the longer allele of Als3 was the source of the sequence.
Tertiary structure modeling. The conformational data-based protein-folding
program Rosetta was used to generate structural models of eleven representative
TR sequences of the Als family (Fig. 2 and Table 1). The Rosetta algorithm is
based on a fragment assembly approach. In this approach, a library of 3- and 9residue fragments is created based on segments of proteins of known structure.
This library represents the local conformational space accessible to these short
residue fragments. To create a model, the fragments are combined using a
Monte Carlo search protocol. One “move” in the modeling method consists of
substituting a local fragment with one from the fragment library, a process known
as “fragment insertion.” The resulting structure is evaluated using Rosetta’s
potential energy function. The structure is accepted or rejected based on the
Metropolis criterion (38). In our studies, about 88% of moves were energetically
rejected.
The general protocol described below was followed for modeling each tandem
repeat. Rosetta was used to create 1,000 structures for each sequence shown in
Fig. 2. The resulting structures were clustered by structural similarity based on
the C␣ root mean square distance between the models. The lowest-energy model
from the largest cluster was selected, and the selected models were then energy
minimized to remove bad contacts. Additionally, for each modeled sequence,
two randomly permuted sequences were generated (except for Als5-R4 where 4
random sequences were generated), and models of these randomized sequences
were generated using the same protocol described above.
For comparison, modeling was also carried out using LINUS (local independently nucleated units of structure) which was developed by Srinivasan et al. (45).
LINUS generates random perturbations in successive three-residue segments of
an extended peptide and then scores the energetics of the resulting structure.
The LINUS scoring function includes only terms for hard sphere repulsion,
contact energy, hydrogen bonds (short range and long range), and torsion en-

ergy. Nevertheless, LINUS gives reasonable results concerning the general topology and secondary structure of proteins (45). A major strength of LINUS is
its truly ab initio approach; no information other than the sequence is used to
build models. LINUS structures were produced and converged in reasonable
computation times because there were only 36 residues per repeat.
Visualization and graphics used CHIMERA (13).
Glycosylation of structural models. The Glycam Biomolecule Builder (http:
//glycam.ccrc.uga.edu) (19) was used to add the disaccharide ␣-D-mannose-(12)-␣-D-mannose-1␣ to solvent-exposed Ser and Thr hydroxyls, as predicted by
Rosetta, in the top-scoring model of each repeat. This disaccharide represents an
“average” C. albicans or S. cerevisiae O-glycoside and conforms to the expected
average stoichiometry of glycosylation of TRs synthesized by S. cerevisiae (12, 15,
35). The same sugars were similarly added to the exposed hydroxyl groups of the

TABLE 1. RMSD values for C␣ relative to the mean structure
for foldsa
RMSD value for:
TR sequence
All C␣

␤-Sheet

Turn 1

Turn 2

Als5-R1
Als5-R2
Als5-R3
Als5-R4
Als5-R5
Als5-R6
Als1-R5
Als3-LR4
Als6-R3
Als7-R2

2.6
2.0
1.5
1.7
2.3
1.5
2.5
1.7
1.8
1.6

1.8
1.6
1.2
1.5
1.8
1.2
2.5
1.7
1.4
1.4

3.3
2.5
1.9
1.6
4.5
2.3
2.6
2.4
3.2
2.4

3.1
1.7
2.1
2.0
2.3
1.7
2.5
1.5
2.0
1.8

Als5p mean

1.9

1.5

2.7

2.2

Overall mean

1.9

1.6

2.7

2.1

a

The RMSD values (in Å) were calculated with the RMSD Calculator in
VMD (17).
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top-scoring structure for the 72-residue, two-domain structure Als5-R1R2
(Als5p repeat sequences 1 and 2). N-glycosylation sites were derivatized with
GlcNAc2Man9 yeast core glycan (15, 19). The folded and glycosylated domain
models were subjected to brief Molecular Dynamics simulations to minimize
energy.
The root mean square differences (RMSDs) of the C␣ positions was estimated
after alignment by a best-fit procedure. Als5R-1 was used as the reference
structure for the alignment. The RMSDs for the aligned structure were then
calculated relative to the average structure. For our calculations, the ␤-strand
regions were defined as residues 3 to 11, 17 to 23, and 28 to 34. Turn 1 consisted
of residues 11 to 15, and turn 2 included residues 23 to 27.
Circular dichroism. A 36-mer peptide with the sequence of Als5-R3 (HNPT
VTTTEFWSESYATTETITNGPEGDTSVIVREP) was synthesized by the Arizona State University Peptide Facility and purified to ⬃90% purity. Far UV
spectra were obtained using AVIV and Applied Photophysics Chirascan circular
dichroism (CD) spectrophotometers. The peptide was suspended at 1 mg/ml in
10 mM phosphate buffer (pH 5.6), and 2,2,2-trifluoroethanol was added to 0, 10,
20, 30, and 40% (vol/vol) concentrations. For each condition, three spectra were
obtained at 25°C and averaged, and the baseline was subtracted.
Secondary structural percentages were estimated from the raw data with
CDSSTR, CONTINLL, and SELCON3 programs (43, 44, 46). All three programs gave similar secondary structure predictions; CDSSTR results are reported, because they gave the most consistent results, regardless of changes in
wavelength range or basis set.
Soluble truncated versions of Als5p, Als5p1–443 (Als5p protein with residues 1
to 443), and Als5p1–664, were expressed and purified as previously described (33),
and spectra were acquired within a week of purification. Denaturation and
renaturation CD studies were carried out by raising (for denaturation) or lowering (for renaturation) the temperature in 10°C steps at 1°C min⫺1 and then
equilibrating for 10 min after each step. After each step, 10 spectra were obtained, averaged, and then smoothed (43).
Binding assays. Enzyme-linked immunosorbent assays (ELISAs) for Als5p
binding to substrates were carried out as previously described, using horseradish
peroxidase-labeled anti-V5 at 1:500 dilution as the sole antibody (35). The
antibody reacted equivalently with both forms of Als5p (35; data not shown).
Peroxidase activity was assayed with Quanta Blu fluorescent substrate (Pierce
Chemical). Soluble forms of Als5p were purified as previously described and
were used within 2 weeks of isolation to minimize amyloid formation (33). All
assays were performed in triplicate, and standard deviations are shown as error
bars.

RESULTS
Predicted secondary structure of Als repeats. The individual
tandem repeats (TRs) have highly conserved sequences and
low rates of nonsynonymous substitutions, no insertions, and
almost no deletions (Fig. 2 and data not shown) (33). The
repeats vary in number from 2 to 36 copies in the alleles
sequenced so far (16, 31, 49, 51). TR sequences include a high
frequency of aliphatic ␤-branched amino acids, with 9 to 11
Thr residues and 6 Val or Ile residues in clusters within each
repeat. All of these amino acid have high ␤-strand potential
(blue in Fig. 2). These ␤-branched clusters are interspersed
with clusters of residues with high turn or helical potential
(red in Fig. 2). In the multiple alignments like Fig. 2,
␤-branched residues Ile, Val, and Thr can substitute for one
another (blue regions), and the residues with turn-inducing or
high helical regions also substitute only for each other (red and
white regions).
The sequence conservation leads to uniform consensus predictions of ␤-sheet-rich structures (Fig. 2) (4, 7, 9). The sequence-based predictions were highly consistent in predicting
structures composed of three ␤-strands in each of the Als5p
repeats (7). The first and second strands sometimes varied in
their predicted length by one or two residues, but the third
strand predictions were invariant (Fig. 2, bottom). Neither
JPRED nor other secondary structure prediction methods
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FIG. 3. Secondary structure content for 36-mer peptide Als5p-R3.
Secondary structure content was calculated from far UV CD spectra
with four different basis sets in the program CDSSTR (43). The mean
value ⫾ standard error of the mean (error bar) with different basis sets
is shown for each TFE concentration tested. Symbols: F, ␤-sheet; ,
␣-helix; f, turn; 䉬, aperiodic structure.

showed any helical regions (4, 7, 9). Therefore, we predict that
the overall fold of the repeats is conserved.
Circular dichroism spectroscopy. The TR region has a
␤-sheet-rich secondary structure in soluble versions of Als5p
(35). To establish whether the strongly predicted secondary
structure of individual repeats was reflected in solution, we
carried out far UV CD spectroscopy on a synthetic 36-mer
peptide (HNPTVTTTEFWSESYATTETITNGPEGTDSVIV
REP) (Als5p-R3) dissolved at 1 mg/ml in buffer. The spectra
showed a strong negative peak at 198 nm and a less negative
shoulder at ⬃220 nm and varied little between pH 5.5 and 7.0,
the approximate physiological pH range for this surface-exposed protein (data not shown). Curve fitting with CDSSTR
gave secondary structure predictions of about 34% ␤-sheet
content, slightly less ␤-turn and unstructured content, and very
low ␣-helix (Fig. 3). These fractions are consistent with an
all-␤-domain structure (7, 14). Increasing trifluoroethanol
(TFE), which generally stabilizes peptide structures but favors
helix formation (50), shifted the negative peak to longer wavelength and made the shoulder more negative. The secondary
structure analyses showed that TFE had little effect on secondary structure at concentrations up to 20% (vol/vol). At higher
TFE concentrations, ␣-helix and aperiodic structures increased. Thus, the secondary structure of a single synthetic
repeat reflected the secondary structure predictions in its all ␤
structure under a variety of pH levels and at TFE concentrations up to 20%.
Three-dimensional models of Als5p repeats. Three independent analyses implied uniform structure for tandem repeats:
sequence conservation, secondary structure predictions, and
CD of the synthetic peptide and repeats in situ. To test whether
this uniformity led to uniform tertiary structures, we used independent modelers to predict structure of many Als tandem
repeat domain sequences. Rosetta modeling generated highly
similar structures for all six repeats in Als5p (Fig. 4A). In each
cluster of modeled structures, the lowest-energy structures had
␤-␤-␤ antiparallel topology, with highly similar tertiary structure. The RMS distance differences for the C␣s in the superimposed models were 1.9 Å for all residues and 1.6 Å for
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FIG. 4. Rosetta models of TR domains. (A) Aligned models for
ALS5 TRs. ALS5-R1 (black), ALS5-R2 (blue), ALS5-R3 (green),
ALS5-R4 (brown), ALS5-R5 (purple), and ALS5-R6 (orange) are
shown. (B) Aligned models for other ALS TRs. ALS1-R5 (gray),
ALS3-LR4 (pink), ALS6-R3 (cyan), ALS7-R2 (yellow) and ALS9-R2
(red) are shown. (C) Lowest-energy Rosetta models for four random
permutations of the Als5-R4 amino acid sequence. The relative energies and RMSD values are shown in Fig. S1 in the supplemental
material.

residues in the ␤-strands (Table 1). RMSD values for the
residues in the core ␤-sheet were considerably smaller (Fig. 4).
These results thus showed uniform secondary and tertiary
structure for the repeats.
Because Rosetta is based on libraries of known peptide
conformations, we were concerned that it might predict known
structures preferentially. We therefore repeated the modeling
with LINUS, which assesses energetics for randomly generated
structures. Interestingly, LINUS also predicted similar antiparallel three-strand ␤-sheet topology for all six repeats of Als5p.
The LINUS results therefore provided an independent confirmation of the propensity of Als repeat sequences to form
compact three-stranded antiparallel ␤-sheet domains and increased our confidence in the Rosetta models.
It was possible that the uniformity of the predictions was due
purely to the unusual amino acid composition of the repeats.
We tested whether this was so by modeling randomly permuted sequences of each repeat in Rosetta. The predicted
structures were much different from those of the authentic
sequence. There were all-helical structures as well as antipar-
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allel ␤-sheet structures. Moreover, none of the models of permuted sequences showed the three-stranded ␤-␤-␤ topology
(for examples, see Fig. 4C). The energy values of the best
structures from permuted sequences were substantially worse
than those from the authentic sequences (see Fig. S1 in the
supplemental material). Therefore, the consistency of the
modeled structures resulted from both the amino acid composition and the conserved sequences of the repeats.
Tandem repeats in other Als proteins. The tandem repeats
in other Als proteins have more diverse sequences than those
in Als5p (Fig. 2). Therefore, we also modeled examples of the
repeats, in each case choosing the repeats with sequences most
divergent from the Als5p TR consensus. Rosetta models for
these repeats also showed uniform antiparallel ␤-␤-␤ strand
topology (Fig. 4B). The ␤-sheets in these domains were superimposable on those of the Als5 TR domains (Fig. 4B). In four
of the five models, RMSD variations were indistinguishable
from those among the Als5p repeat domains (Table 1). In each
case, random permutations of the repeat sequence gave different structures (data not shown), a result that reinforced the
sequence-specific nature of the three-strand models.
The single exception to the uniform results was that the
top-scoring models for Als9-R2 showed two sets of structures.
For this sequence, too, all of the models gave three antiparallel
␤-strands as the other models did. However, the secondary
structure of the domain differed in that the spatial position of
the first strand varied in different trials. In about 70% of the
trials, the topology, tertiary structure, and RMSD variation of
the lowest-energy structure were similar to those of the lowestenergy models of the other domains (red in Fig. 4B). However,
in about one-third of the models of Als9-R2, the first strand
was modeled above the plane formed by second and third
strands. Therefore, the structure was less strongly consistent.
Glycosylation patterns in the tandem repeats. Gel electrophoresis, lectin blotting, and stoichiometric analyses show that
the TR domains are heavily O glycosylated when exogenously
expressed in S. cerevisiae, with about 1.5 mannose units per Ser
or Thr hydroxyl group (35). In the models, about two-thirds of
the Ser and Thr hydroxyls were solvent accessible, as expected
(see Table S1 in the supplemental material). Therefore, we
would expect a mean glycosylation of about 2 mannose residues per exposed hydroxyl group. This mean ratio of 2:1 is
consistent with known O-glycosylation structures in C. albicans
and S. cerevisiae. In C. albicans, the O-linked oligosaccharides
include ␣-mannose, ␣1,2-linked mannobiose, and mannotriose
(12, 15).
Typically, residues Thr4, Thr6, Thr7, Thr8, Ser12, Ser14,
Thr18, Ser30, and sometimes Thr16, Thr22 and Thr28 were
accessible to solvent to a degree consistent with glycosylation
(Fig. 5; see Table S1 in the supplemental material). Therefore,
these residues were glycosylated with the disaccharide
Man␣1,2Man␣1. The resulting glycosylated structures were
tested for stability by Molecular Dynamic simulations on a
time scale of a few nanoseconds. The structures were stable, as
indicated by small RMSD fluctuation of ⬃0.03 Å2. The glycosylated models showed that oligosaccharides surround exposed
surface hydrophobic surface areas (Fig. 5). This pattern was
conserved in all modeled repeats of Als5p (Fig. 5C) and other
Als proteins (Fig. 5D).
Some TR domains, such as those from Als1p and Als3p,
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have a potential N-glycosylation site at Asn2. These sites were
modeled with a yeast core glycan of GlcNac2Man9, a minimal
sized N-glycan in C. albicans (15). The result was a polar
position for these glycans on the more hydrophilic end of the
prolate ellipsoidal domains (Fig. 5D).
Tandem domain models. To gain structural insights about
the structure of multiple repeats, Als5p repeat sequences 1 and
2 (Als5-R1R2) were modeled together, as were repeats R3R4,
and a set of triple sequences, R1 to R3, delaying nonlocal
interactions in the folding. For these models, we generated
3,000 structures rather than our standard 1,000 in Rosetta and
LINUS. Each of the repeats consistently folded as the monomers did, again showing the stability of the compact threestranded domains (Fig. 6). Local folding of individual repeat
domains is consistent with sequential domain folding after
synthesis and endoplasmic reticulum (ER) translocation and is
also consistent with force extension analyses by atomic force
microscopy of Als5p (2, 27, 32).
Functions of TR domains. The structural models predicted
that the hydrophobic effect should mediate the adherence of
TR domains to surfaces and to each other. A single-antibody
ELISA measured binding to polystyrene for equivalent molar
amounts of Als5p1–443 (without TR domains) and Als5p1–664
(including six TR domains) (35). Inclusion of TR domains
resulted in greater binding at lower protein concentrations, a
result indicative of increased affinity of Als5p for polystyrene (Fig.
7A). Half-maximal binding was achieved at 5 ⫻ 10⫺10 M for
Als5p1–664, whereas the value was 1.5 ⫻ 10⫺8 M for Als5p1–443,
30-fold-lower affinity (Fig. 7A). The geometric mean difference
in affinity was 10-fold in three independent experiments. Thus,
the TR domains showed greater affinity for polystyrene than
the Ig-like and T domains did.
The single-antibody ELISA was also used to estimate the
affinity of Als5p for a protein substrate. Excess Als5p with or
without the TR domains bound to increasing amounts of
immobilized fibronectin (Fig. 7B). Both Als5p1–443 and
Als5p1–664 forms bound to fibronectin at similar concentrations, with half-maximal binding at 2.5 ⫻ 10⫺9 M (approximately 1 g/ml). Nevertheless, almost 10-fold-more Als5p1–664
bound than Als5p1–443. Thus, inclusion of TR domains did not
affect the affinity of the Ig-T region for fibronectin but altered
the maximal binding.
To determine whether the increased binding resulted from
Als-Als aggregation, we titrated Als5p against limiting fibronectin. The results for Als5p1–443 were similar to those
shown in Fig. 7B and showed saturation of binding, as expected
for adhesin-ligand binding at limited discrete sites. On the
other hand, titration with Als5p1–664 yielded binding proportional to the concentration of Als5p1–664 (Fig. 7C). This result
showed that binding of Als5p1–664 was nonsaturable and in-
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FIG. 6. Models of two-domain structures from the sequence of
Als5p-R1R2. The structure shown had the lowest energy of all models
and was part of the largest cluster of related structures. (A) LINUS
model with long-range interactions repressed. The domain structures
are similar to the single-domain structures. (B) Space-filled glycosylated models. O-Glycosylated residues are green. Successive representations are rotated by 90o around the x axis.

creased linearly with added protein, a result demonstrating
that each Als5p molecule that bound became a potential ligand
for more Als5p. Thus, the linear increase in binding for this
form of Als5p was characteristic of self-association of Als5p.
Therefore, the TR domains mediated both increased affinity
for polystyrene and Als5p-Als5p homotypic binding.
Unfolding of TR domains. A second strong prediction of the
models is that the tandem repeats fold independently and thus
should unfold independently. This independent unfolding has,
in fact, been observed by atomic force microscopy (see Discussion) (2). In addition, the uniformity and reproducibility of the
models implied that the unfolding of the TR domains would be
a reversible equilibrium process in vivo. Furthermore, the TR

FIG. 5. Ribbon and surface representations of Rosetta best-scoring model of Als tandem repeat domains. (A) (Left) Ribbon drawing of
Als5p-R4 with side chain representation of Ser and Thr residues to be glycosylated. (Right) Ribbon drawing with added mannobiosyl groups
(green). (B) Space-filling model of Als5-R4 peptide with carbohydrates shown as ball-and-stick models. Surface-exposed hydrophobic regions are
shaded yellow. Glycosylated Ser and Thr residues are green, as are the mannosyl groups. In the leftmost representation, the orientation is the same
as in panel A. Each successive representation is rotated by 90o about the y axis. (C) Surface representations of Rosetta best-scoring models of
domains R3 to R6 of Als5p. Coloring and domain orientations are the same as in panel B. (D). Surface representations of Rosetta best-scoring
models of representative domains from other Als proteins. Domain orientations are the same as in panel C. Coloring is the same as in those figures,
with the addition of blue for GlcNac and Asn residues of the Man9GlcNAc2N N-glycan in the Als1p and Als3p models.

VOL. 9, 2010

Candida Als TANDEM REPEATS

411

domains should refold to their native structure after denaturation. Therefore, we thermally denatured and renatured
Als5p1–443, which lacks tandem repeats, and Als5p1–664, which
includes them. For each protein, CD spectra were obtained
during heating and cooling. Als5p1–664 denatured reversibly,
and the unfolding was cooperative with an isosbestic point at
216 or 217 nm, indicative of an unfolding equilibrium reaction
(Fig. 8A) (34). The spectra showed great stability of the Ig-like
and T regions and equilibrium unfolding up to 80°C. The
denaturation of each form was fully reversible upon recooling
to 20°C: the CD spectra were indistinguishable from those of
the original untreated samples (Fig. 8B). The results were
similar for Als5p1–443 (see Fig. S2 in the supplemental material). These data showed that the Als5p TR region has an
intrinsic ability to refold to a stable native conformation, a
result in accord with the consistency and stability of secondary
structure predictors and the calculated structures.
DISCUSSION

FIG. 7. ELISAs of Als5p binding. Als5p1–664 (black and red circles)
or Als5p1–443 (). (A) Titrations of Als5p binding to polystyrene.
Controls include wells without antibody and wells without antigen.
(B) Als5p binding to wells coated with different concentrations of
fibronectin. Note the difference in scale on the fluorescence axes: the
right-hand x-axis scale (red) refers to Als5p1–664 (red circles), and the
left-hand x-axis scale refers to Als5p1–443 (). Controls in the lower
right portion of the graph include wells without antibody and wells
without antigen. (C) Titrations of Als5p on limiting fibronectin. Note
the increase in binding of Als5p1–664 (F) at concentrations that saturate binding of Als5p1–443 ().

We have calculated structures for the Thr-rich tandem repeats from Candida albicans Als proteins. We believe that
these structures are the first for Thr-rich repeats in any fungal
adhesin or cell wall glycoprotein. Structural calculation seems
the most practical approach currently, because there are no
structures in PDB on which to base homology models (the
closest match has e ⫽ 0.14) and because O glycosylation makes
nuclear magnetic resonance (NMR) structure determination
impractical and crystallization is not yet possible for X-ray
diffraction. The Als repeats showed highly regular structures,
and these structures were well-supported by independent physical and functional data. In addition, the models explain many
of the observed and predicted activities of the repeat regions in
Als proteins.
Sequence conservation led to similar structures. The alignment shown in Fig. 2 shows high conservation of key residues,
especially the aliphatic ␤-branched amino acids Ile, Thr, and
Val that form the conserved ␤-strands. There are only 15
nonconservative substitutions in 396 amino acid positions in 11
sequences in Fig. 2, and this low frequency is reflected in the
low nonsynonymous substitution rate KA (33). At the same
time, the normal-to-high rate of synonymous substitution KS
shows that this sequence is subject to mutation at normal
frequency. Therefore, the region must be under strong purifying selection, and few amino acid substitutions are tolerated.
The vast majority of the nonsynonymous mutations are in the
second turn of each domain (residues 23 to 26 in Fig. 2), and
they are all substitutions between residues common to turns
(37). Thus, the Als proteins and their individual repeats have
conserved structural propensities, implying that the structure
itself is essential to domain function (3).
This conservation of sequence results in the remarkable
convergence in secondary and tertiary structure models. Ten of
eleven TR sequences generated the same fold as the lowestenergy structure in all trials, and the eleventh gave similar
structures in the majority of tests. The results were also
consistent between two independent prediction algorithms:
Rosetta, based on a short sequence structural motif library, and
LINUS, which finds stable structures from among randomly
generated models. The programs also have different structure
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FIG. 8. CD spectra of thermal unfolding (A) and refolding (B) of Als5p1–664. The sample was heated (A) or cooled (B) at 1°C/min and
equilibrated for 10 min after each 10°C step of temperature change. An isosbestic point is present at 217 or 218 nm in each experiment.

evaluation criteria (38, 45). This common structure was sequence specific: random sequences with the same composition
as the repeats generated Rosetta models that were different
from each other and different from the three-strand fold that
the authentic sequences generated (e.g., Fig. 4C; also see Fig.
S1 in the supplemental material).
Features of the conserved structures. The spatial patterns of
surface hydrophobicity and glycosylation were similar in all
modeled TR sequences (Fig. 5). The exposed hydrophobic side
chains were highly conserved: one hydrophobic patch consisted
of Val5, Ile/Val21, and Ile or Val residues in positions 31 to 33;
another patch was more aromatic and included conserved residues Phe/Tyr11, Trp12, Phe/Tyr15, and Pro36. The positions
of the glycosylated residues were also remarkably constant (see
Table S1 in the supplemental material). Therefore, the conserved sequences resulted in similar structures with conserved
surface hydrophobicity and glycosylations. Thus, the TR region
of each Als protein consists of a string of compact tandem
domains, each with hydrophobic binding surfaces with surrounding hydrophilic O-glycans (Fig. 5, 6, and 9A).
Supporting structural data. The models are supported by
extensive physicochemical and functional data from independent approaches. Atomic force microscopy has demonstrated
that each tandem repeat folds into a discrete domain, and in
studies of Als5p with different numbers of repeats, the number
of unfolding domains is equal to the number of repeats (2).
Each TR domain unfolds to a length characteristic of extended
peptide sequence, with a length increase corresponding to that
expected for a 36-residue sequence with an original long axis
dimension of 4.3 nm, the same dimension shown in the models
(Fig. 5 and 6). Thus, each unfolding domain extends by a
length equal to the difference between the folded threestranded domains shown in Fig. 4 to 6 and the length of an
extended peptide. We conclude that AFM confirms the number and linear dimensions of the domains.
Circular dichroism spectra also supported the models. CD

spectroscopy of the intact proteins demonstrates that the TR
domains have a ␤-sheet-rich structure, as predicted by secondary
and tertiary modeling (35). That a synthetic sequence of a single
repeat also forms a similar structure shows that the ␤-sheet pro-

FIG. 9. Cartoons of multidomain structures of TRs. Each threestrand ␤-sheet domain is rendered as a prolate spheroid, with hydrophobic surfaces colored yellow and hydrophilic glycosylated regions
colored green as in Fig. 5. The circles in each domain refer to the
hydrophobic (yellow) and more polar (white) ends of the ellipsoid
structures as shown in Fig. 5. (A) Drawing of three successive domains.
(B) Model for interaction of three Als TR domains (colored as in
panel A and rotated 90o around the x axis relative to that shown in
panel A) with the surface of a larger protein. Hydrophobic areas
(yellow), basic areas (blue), and acidic areas (red) are shown.
(C) Model for binding to a hydrophobic surface such as polystyrene.
(D) Model of interaction of TR domains from two Als proteins with
antiparallel orientation. Similar models can be drawn with parallel
orientations. Note that incomplete overlap of the two chains would
result in unoccupied binding surfaces able to bind TR domains of other
Als molecules or to heterologous ligands, making binding potentially
noncompetitive.
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pensity resides in each individual repeat, as the convergent structure calculations predict.
The experimentally demonstrated stability of the domain
structure also supports the models. First, the in vitro secondary
structure in the presence of TFE, which tends to induce ␣helical structure, is remarkable for the synthetic peptide (Fig.
3) (50). Second, the stability to TFE is also seen in spectra of
Als5p1–664 (data not shown). Finally, the stability and consistency of the calculated structures were also consistent with the
observed equilibrium unfolding and renaturation of the TR
region after thermal denaturation (Fig. 8) (44). Therefore, CD
results supported the ␤-sheet potential of each individual repeat and also confirmed that the ␤-sheet-rich domain structures are thermodynamically favored.
Als TR domain activities. The structures of the Als tandem
repeats showed the physical basis for their known activities.
Specifically, the exposed hydrophobic surfaces of the TR domains should interact with other hydrophobic surfaces. Canonical protein-protein interaction domains consist of a core of
hydrophobic residues surrounded by an annulus of interacting
polar groups (5, 39, 40). These hydrophobic and polar regions
each form complementary interactions with the same kinds of
residues on the protein ligand. This type of structure is cartooned for the Als tandem repeat domains in Fig. 9.
Als tandem repeats and heterotypic binding. The TR domain surfaces have the generally “sticky” characteristics of
protein-protein interaction surfaces. Exposed aliphatic and aromatic hydrophobic side chain atoms form a central surface,
and the polar interactions would be mediated through the
mannosyl residues (Fig. 5, 6, and 9). These structures would
have highly diverse interaction partners, because carbohydrates can donate or accept H bonds or mediate charge-dipole
or dipole-dipole interactions with polar or charged amino acids
or with other glycosyl groups. Thus, each repeat domain presents a hydrophobic surface of amino acid side chains surrounded by flexible polar mannose units that can mediate
carbohydrate-amino acid or carbohydrate-carbohydrate bonding. Such interactions are cartooned in Fig. 9B, which illustrates apposed hydrophobic surfaces with polar carbohydrates (green) interacting with polar acidic (red) and basic
(blue) groups on the surface of a large protein ligand. This
model illustrates heretofore unexplained observations about
the broad specificity of Als binding to both heterologous
ligands, perhaps including interactions of Als3p with hydrophobic regions of Hwp1p and ferritin (1, 8, 22, 30, 42). A
similar model explains the affinity of the TR domains for
polystyrene (Fig. 9C).
Tandem repeats and Als-Als binding. Als proteins show
homotypic binding to other Als proteins displayed on a cell
surface (20). Our results demonstrate that at least some of this
activity resides in the TR region domains. Cells expressing only
the Als5p tandem repeat and stalk regions aggregate, so aggregation ability must be localized to one or both of these
domains. On the other hand, deletion of the tandem repeats
from full-length Als5p greatly reduces aggregation (35). Therefore, the presence of the TR region of Als5p is necessary for
robust aggregation of cells expressing Als5p. The binding assays confirmed the importance of TR-TR binding: Als5p1–664
showed first-order nonsaturable binding characteristic of selfassociation without competition for binding sites (Fig. 7C).
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This binding must be mediated by the TR domains, because
there is no similar first-order nonsaturability with binding of
Als5p1–443. Thus, TR domains mediated increased binding to
polystyrene at low Als5p concentration (Fig. 7A and 9B) and
binding to other TR domains (Fig. 7C and 9D) to form aggregates of Als5p molecules.
Conclusions. The conserved sequences and structures of Als
TR domains explain their physical properties and binding activities. Each TR sequence folds compactly to give an independent ␤-sheet-rich domain with a conserved hydrophobic core
and consistent surface features. The domain surfaces promote
interactions with a large variety of hydrophobic surfaces, including other TR domains.
The structural approach and functional consequences may
be more general, because other fungal adhesins also have tandem repeats with functional roles. These adhesins, like Als
proteins, are multidomain proteins 600 to 1,600 residues in
length and are displayed at the cell surface with their C-terminal regions covalently linked to wall polysaccharides. Tandem repeats are a common feature in the adhesins, and they
usually occur near the middle of the sequences. These repeats
are commonly conserved in length and sequence within an
adhesin family, and many such repeats are predicted to be
␤-sheet-rich domains (8, 16, 28, 47, 49, 51). More repeats are
associated with greater aggregation in the S. cerevisiae flocculins, as they are in the C. albicans Als proteins (16, 47, 48).
These similarities imply that the approach taken here should
also be applicable to tandem repeats in other fungal adhesins.
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